This study tested the hypothesis that endogenous glucocorticoids regulate a putative neurotransmitter function of corticotropin-releasing factor (CRF) in the locus coeruleus (LC). LC spontaneous discharge and activation by intracerebroventricularly administered CRF, hypotensive challenge, sciatic nerve stimulation, and carbachol were compared in adrenalectomized and sham-operated halothane-anesthetized rats. LC spontaneous discharge was higher in adrenalectomized versus sham-operated rats. Intracoerulear microinfusion of a CRF antagonist decreased LC discharge rates of adrenalectomized rats to rates comparable with those observed in sham-operated rats but had no effect in sham-operated rats. The CRF doseresponse curve was shifted in a complex manner in adrenalectomized rats, suggesting that a proportion of CRF receptors were occupied before CRF administration, and low doses of CRF were additive. Higher doses of CRF produced effects that were greater than predicted by simple additivity. Hypotensive challenge increased LC discharge rates of adrenalectomized rats by a magnitude greater than that predicted on the basis of additivity. In contrast, LC responses to carbachol and sciatic nerve stimulation were similar in both groups. The results suggest that adrenalectomy enhances tonic and stress-induced CRF release within the LC and also alters postsynaptic sensitivity of LC neurons to CRF. Because adrenalectomy also alters release of neurohormone CRF, the present study suggests that CRF actions as a neurohormone and as a neurotransmitter in the LC may be co-regulated. Such parallel regulation may underlie the coexistence of neuroendocrine and noradrenergic dysfunctions in stress-related psychiatric disorders.
Corticotropin-releasing factor (CRF) has been hypothesized to act as both a neurohormone and a brain neurotransmitter (Vale et al., 1981 Rivier et al., 1985; Dunn and Berridge, 1990; Owens and Nemeroff, 1991; Valentino et al., 1993) . It is well established that hypothalamic CRF is released into the median eminence, where its actions on anterior pituitary corticotrophs promote secretion of adrenocorticotropin (Vale et al., 1981 Rivier et al., 1985) . The neurotransmitter role of CRF is supported by the widespread distribution of CRF-immunoreactive terminals and binding sites in brain DeSouza et al., 1985; DeSouza, 1987; Sakanaka et al., 1987) . Consistent with this, central CRF administration mimics many autonomic and behavioral components of stress responses, even in hypophysectomized animals (Dunn and Berridge, 1990; Owens and Nemeroff, 1991; Valentino et al., 1993) . Moreover, central administration of CRF antagonists or antisera prevents several autonomic and behavioral responses elicited by stressors (Brown et al., 1985; Britton et al., 1986; Tazi et al., 1987; Kalin et al., 1988; Swiergel et al., 1992; Tache et al., 1993) . Parallel actions of neurohormone and neurotransmitter CRF may coordinate endocrine with autonomic and behavioral components of the stress response.
The noradrenergic nucleus locus coeruleus (LC) is one site at which CRF may function as a neurotransmitter . This is supported by recent ultrastructural evidence for synaptic contacts between CRF-immunoreactive terminals and LC dendrites (Van Bockstaele et al., 1996) . CRF increases LC discharge rates (Valentino et al., 1983; Valentino and Foote, 1988) and norepinephrine release in LC target regions (Lavicky and Dunn, 1993; Page and Abercrombie, 1995; Smagin et al., 1995) . LC activation elicited by certain physiological stimuli is prevented or attenuated by microinjection of CRF antagonists into the LC (Valentino et al., 1991; Curtis et al., 1994; Florin et al., 1995) . Finally, certain immunological, autonomic, and behavioral responses to stressors can be mimicked by CRF administration into the LC (Butler et al., 1990; Caroleo et al., 1993; Monnikes et al., 1994; Rassnick et al., 1994) .
The neurohormone action of CRF is highly regulated by glucocorticoids, which affect CRF synthesis and release (Paull and Gibbs, 1983; Plotsky and Sawchenko, 1987; Bradbury et al., 1991; Dallman et al., 1992) . This regulation is demonstrated by the effects of adrenalectomy, which include enhanced CRF synthesis in paraventricular hypothalamic neurons (Sawchenko et al., 1984; Jingami et al., 1985; Young et al., 1986; Imaki et al., 1991) and release into the median eminence (Suda et al., 1983; Plotsky and Sawchenko, 1987; Fink et al., 1988) . Previous stress also alters CRF neurohormone function (Dallman et al., 1992) . Thus, transcription of CRF mRNA in paraventricular hypothalamic neurons, the number of CRF-immunoreactive neurons in this nucleus, and CRF content in the median eminence are all altered by repeated or chronic stress (Chappell et al., 1986; Imaki et al., 1991; De Goeij et al., 1992; Mamalaki et al., 1992; Bartanusz et al., 1993) .
In contrast to neurohormone CRF, little is known regarding regulation of the putative neurotransmitter actions of CRF. Recent findings from this laboratory indicate that repeated stress sensitizes LC neurons to low doses of CRF . The present study was designed to determine whether adrenalectomy selectively affects the putative neurotransmitter function of CRF in the LC. LC spontaneous discharge rate, activation by exogenous CRF, endogenous CRF (via hypotensive challenge), a muscarinic agonist (carbachol), and an excitatory amino acid input (sciatic nerve stimulation) were quantified and compared in adrenalectomized and sham-operated rats in the halothaneanesthetized state.
MATERIALS AND METHODS
Animals. The subjects were adult male Sprague Dawley rats (Taconic Farms, Germantown, NY) weighing ϳ300 gm at the beginning of the experiments. Rats were initially housed three to a cage in a controlled environment (20ЊC, 12 hr light/dark cycle, lights on at 7:00 A.M.). Food and water were available ad libitum.
Adrenalectomy. Surgical adrenalectomy and sham adrenalectomy were performed under pentobarbital (50 mg/kg, i.p.) anesthesia via the dorsolateral approach. Surgery was done 14 d before the experiments. Rats were housed individually after surgery, and food was available ad libitum. Sham-operated rats were given water, whereas adrenalectomized rats received drinking water containing 0.9% NaCl. The completeness of adrenalectomy was determined by assay of plasma corticosterone at the end of the experiment. Experiments were done on two rats a day (1 adrenalectomized and 1 sham-operated), and the order of experiments was alternated on a daily basis.
Surgery. The procedures used for recording LC discharge of halothaneanesthetized rats were similar to those described previously (Valentino et al., 1983 (Valentino et al., , 1986 (Valentino et al., , 1991 . Rats were anesthetized with 2% halothane-in-air mixture administered through a nose cone. The jugular vein was cannulated (PE 100, void volume 70 l) for infusion of nitroprusside and/or blood sampling. The femoral artery was cannulated for blood pressure recordings. A tracheal tube was inserted, and the halothane delivered through this tube. The anesthetic was maintained at 1% through the experiment. Body temperature was maintained at 36 -37ЊC by a feedbackcontrolled heating pad. Rats were positioned in a stereotaxic instrument using blunt ear bars, and the head was oriented at a 15Њ angle to the horizontal plane (nose down). The skull was exposed, and a hole (ϳ3 mm diameter), centered at 1.1 mm lateral to the midline and 3.7-3.9 mm caudal to the intersection of midline and lambda, was drilled over the cerebellum for approaching the LC. The dura over the cerebellum was carefully removed using fine iridectomy scissors. Another hole was drilled with its center at 1.0 mm caudal to bregma and 1.5 mm lateral to the midline for placement of a 26 gauge cannula to be used for intracerebroventricular drug administration. The cannula was positioned 5.6 mm ventral to the skull surface, placing its tip in the lateral ventricle.
Recording. For most experiments, a glass micropipette pulled to a 2-3 m diameter tip (4 -7 M⍀) and filled with 2% pontamine sky blue (PSB) dye in 0.5 M sodium acetate buffer was used to record LC discharge. This was advanced toward the LC with a micromanipulator. Microelectrode signals were amplified and filtered. Impulse activity was monitored with an oscilloscope and a loudspeaker to aid in localizing the LC. LC neurons were tentatively identified during the recording by their spontaneous discharge rates (0.5-5 Hz), entirely positive, notched waveforms (2-3 msec duration) and biphasic excitatory-inhibitory responses to contralateral hindpaw or tail pinch. When stable, unitary action potentials were isolated; a window discriminator was used to convert the occurrence of each action potential into digital pulses, which were led into a Gateway computer via a CED 1401 Plus interface (Cambridge Electronic Design, Cambridge, UK), using Spike 2 software for on-line visualization and storage and off-line analysis. For experiments involving intracoerulear administration of CRF or a CRF antagonist, double-barrel glass micropipettes were used to record single-unit LC discharge and simultaneously microinfuse the peptide (Akaoka and Aston-Jones, 1991) . These consisted of a recording pipette glued using a photopolymerizing resin (Silux, 3 M) next to an infusion pipette (Fisher Scientific, Houston, TX). The recording pipette had a 2-4 m diameter tip (4 -7 M⍀) and was filled with PSB. The infusion pipette (20 -50 m diameter tip) was angled at ϳ30-45Њ, with its tip adjacent to the tip of the recording pipette but 100 -120 m dorsal. This was filled with a solution of either CRF (1 mg/ml) or [DPhe 12 ,Nle 21,38 , C ␣ MeLeu 37 ]r/hCRF(12-41) (DPheCRF 12-41 ; 0.33 mg/ml) and connected by PE tubing to a source of solenoid-activated pneumatic pressure (Picospritzer, General Valve, Fairfield, NJ) . This infusion pipette was calibrated such that known volumes could be administered (1 mm displacement ϭ 60 nl). Intracoerulear infusions were made by applying small pulses of pressure (5-25 psi, 10 -30 msec in duration) to the peptide containing barrel at a frequency of 0.2-1 Hz to deliver a volume of 30 nl.
Protocol. In experiments designed to determine the effects of adrenalectomy on LC spontaneous discharge rate and discharge evoked by repeated sciatic nerve stimulation, one to five cells were recorded in a single tract in individual rats. Once an action potential was isolated, spontaneous discharge rate was recorded for at least 6 min. After this, a trial of 60 sciatic nerve stimuli (1 mA, 0.5 msec duration, 0.1 Hz) was initiated. Stimuli were applied through a pair of 25 gauge hypodermic needles inserted into the medial aspect of the contralateral hindpaw, using a Grass stimulator (S88) and stimulus isolation unit (Isoflex, Ampi). LC discharge activity during these trials was recorded and stored as peristimulus time histograms (PSTHs).
For experiments involving intracoerulear infusion of CRF or DPheCRF 12-41 , LC discharge rate was recorded for at least 6 min before and after the microinfusion. The movement of solution through the calibrated pipette was observed through a microscope throughout the infusion. Injection of the entire volume at this rate usually required 1-2 min.
In experiments designed to determine the effect of CRF or carbachol on LC neurons, discharge rate was recorded for at least 9 min before intracerebroventricularly drug or peptide administration. CRF [1, 3, 10, or 30 g in 3-10 l artificial CSF (ACSF)] or carbachol (0.09 g in 3 l ACSF) was injected intracerebroventricularly over a period of 30 -45 sec, and LC discharge rate was recorded for at least 15 min after intracerebroventricular administration.
In experiments designed to determine the effect of hypotensive challenge on LC discharge rate, baseline LC discharge rate was recorded for at least 9 min and then nitroprusside was infused through the intravenous cannula (0.33 mg/ml, 30 l/min, 15 min duration). LC discharge rate and mean arterial blood pressure were continuously recorded during the infusion. Mean arterial blood pressure was monitored with a pressure transducer and amplifier, and the signal was led to a computer via a CED 1401 Plus interface, using Spike 2 software.
For all experiments involving drug administration, only one cell from an individual rat was tested.
Histology. The recording site was marked by intophoresis (Ϫ15 A, 10 min) of PSB at the end of the experiment. Neutral red (5 l) was injected through the intracerebroventricular cannula to assure placement in the lateral ventricle. Rats were anesthetized with pentobarbital (100 mg/kg, i.p.) and perfused with a 10% solution of paraformaldehyde in phosphate buffer. Brains were removed and cut to visualize neutral red in the ventricular system. They were then stored for at least 24 hr in this solution. Frozen 40-m-thick coronal sections cut on a cryostat were mounted on gelatinized glass slides and stained with neutral red for localization of the PSB spot. The data presented are from neurons that were histologically identified as being within the nucleus LC (for review, see Valentino et al., 1983) .
Corticosterone and ACTH assay. At the end of the experiments, 1-1.5 ml of blood was taken from the intravenous cannula into a prechilled microtainer containing EDTA and immediately centrifuged at 3000 ϫ g for 15 min at 4ЊC. Plasma was collected and stored at Ϫ70ЊC until the assay. Corticosterone and ACTH were assayed by radioimmunoassay (RIA) using an RIA kit from ICN Pharmaceutical (Costa Mesa, CA).
Data analysis. The mean baseline LC spontaneous discharge rate was calculated from three 3 min periods before any treatment (e.g., nitroprusside infusion, drug administration, or sciatic nerve stimulation). PSTH data were analyzed by dividing the histogram into different time components and determining the discharge rate in each component. The first 500 msec represented unstimulated or tonic activity. The evoked response was defined as the period after the stimulus when the LC discharge rate exceeded the mean tonic discharge rate plus 2 SD. LC spontaneous discharge rate and different components of the LC sensory response (e.g., tonic discharge, evoked discharge, and signal-to-noise ratio) were compared between adrenalectomized and sham-operated rats by the Student's t test for independent samples. Absolute LC discharge rates after administration of DPheCRF 12-41 were compared between groups by the Student's t test for independent samples. Additionally, LC discharge rate before and after DPheCRF 12-41 was compared within groups using the Student's t test for paired observations. The effects of DPheCRF 12-41 on the change in LC discharge rate were compared using a one-way ANOVA with repeated measures within groups and a two-way ANOVA for comparisons between groups. The effect of nitroprusside on mean arterial pressure was compared between groups using a two-way ANOVA. The maximum increase in LC discharge rate produced by hypotensive challenge or carbachol administration were compared between groups using the Student's t test for independent samples. Additionally, the effects of nitroprusside on LC discharge were analyzed within groups using a one-way ANOVA with repeated measures and a two-way ANOVA for comparisons between groups. Statistical significance was considered at p Ͻ 0.05.
Drugs. oCRF and DPheCRF 12-41 were generously supplied by Dr. Jean Rivier (Clayton Foundation Laboratories for Peptide Biology, The Salk Institute, La Jolla, CA). The peptides were dissolved in water to make a 1 mg/ml solution. Aliquots (10 l) of this solution were concentrated using a Savant Speed Vac concentrator. The 10 g aliquots were stored at Ϫ70ЊC and dissolved in ACSF on the day of the experiment. Sodium nitroprusside (Sigma Chemical, Saint Louis, MO) was dissolved in saline (0.33 mg/ml) and infused intravenously at a rate of 30 l/min for 15 min. Carbachol (Sigma) was dissolved in ACSF (0.03 mg/ml) and administered intracerebroventricularly in a volume of 3 l.
RESULTS

LC spontaneous discharge rate and effects of a CRF antagonist
LC activity was recorded from 126 neurons in 48 sham-operated rats and 162 neurons in 52 adrenalectomized rats. LC spontaneous discharge rate ranged from 0.4 to 3.8 Hz in sham-operated rats, with a mean rate of 1.7 Ϯ 0.1 Hz. This is similar to the mean LC discharge rate in intact halothane-anesthetized rats reported in previous studies (Curtis et al., 1994 . LC spontaneous discharge rates of adrenalectomized rats were significantly higher, with a range of 0.5-5.1 Hz, and a mean of 2.3 Ϯ 0.1 Hz (Fig. 1) .
As reported previously in intact rats (Curtis et al., 1994) , intracoerulear administration of the CRF antagonist DPheCRF 12-41 in a dose that prevents the effects of CRF or hypotensive stress on LC discharge (10 ng in 30 nl) had no effect on spontaneous LC discharge rates of sham-operated rats (Figs. 1, 2) . Figure 2 shows that LC discharge rate remained stable over the time after intracoerulear administration of DPheCRF 12-41 . In contrast, intracoerulear administration of this dose of DPheCRF 12-41 decreased LC discharge rates of adrenalectomized rats. After DPheCRF 12-41 , LC discharge rates were similar in adrenalectomized and sham-operated rats (Fig. 1) . Figure 2 shows that this effect peaked by 3 min after injection. CRF (1-30 g, i. c.v.) increased LC discharge rate in both adrenalectomized and sham-operated rats (Fig. 3) , as reported previously in intact rats (Valentino et al., 1983) . Because mean spontaneous discharge rates were significantly different in adrenalectomized versus sham-operated rats, the percentage increase in LC discharge rate could not be used as an endpoint of the CRF effect. Rather, effects were compared and dose-response curves were generated using the absolute change in discharge rate as the dependent variable (Fig. 3) .
LC activation by exogenous CRF
The maximum effect produced by CRF in sham-operated rats was an increase in LC discharge rate of 1.25 Hz (Fig. 3, solid  circles) . The ED 50 determined by regression analysis was estimated to be 0.82 g, similar to that observed in intact rats (Curtis et al., 1996) . The CRF dose-response curve generated in adrenalectomized rats was shifted to the right of that generated in sham-operated rats with a somewhat steeper slope (0.9 vs 0.6, respectively) and approached a higher maximum response (Fig. 3,  solid squares) .
Because the results presented in Figures 1 and 2 suggested that CRF was tonically released in adrenalectomized rats, it was predicted that a proportion of CRF receptors were occupied before CRF administration, and addition of exogenous CRF would result in an additive effect. Therefore, the experimental dose-response curves generated in sham-operated and adrenalectomized rats were compared with the theoretical dose-response curves that would be predicted on the basis of no previous occupancy or additivity, respectively. The theoretical curve for sham-operated rats shown in Figure 3 was based on the equation
, where E max ϭ 1.25 and the ED 50 ϭ 0.82 g. As expected, the CRF dose-effect curve generated in shamoperated rats coincided well with the predicted dose-response curve (Fig. 3, cf. solid circles-solid line vs open circles-dashed line) . The theoretical dose-effect curve predicted for additivity was generated based on the assumption that the difference in baseline discharge rates between adrenalectomized and sham-operated rats (0.6 Hz, see Fig. 1 ) corresponded to a dose of ϳ0.8 g CRF. The predicted effect of this dose addition is to shift the curve upward for low doses of CRF and approach the same maximum effect. Subtraction of the baseline effect (0.6 Hz) from all points of this curve yielded the predicted dose-effect curve in adrenalectomized rats based on additivity (Fig. 3, open squares-dashed line) . This curve is shifted downward with a decreased maximum response from both the actual (solid circles-solid line) and theoretical (open circles-dashed line) dose-effect curves for shamoperated rats. In adrenalectomized rats, the effect of lower doses of CRF (1 and 3 g) fell on the curve predicted by additivity (cf.
solid squares-solid line vs open squares-dashed line).
In contrast, administration of 10 and 30 g produced effects that were much greater than would be predicted on the basis of additivity (Fig. 3) .
To determine whether the enhanced effects of high doses (10 and 30 g) of intracerebroventricularly administered CRF in adrenalectomized rats were attributable to alterations within or outside of the LC, the effects of a near maximally effective dose of intracoerulearly administered CRF (30 ng) (Curtis et al., 1996) were compared in sham-operated (n ϭ 9) and adrenalectomized (n ϭ 9) rats. Mean LC discharge rates before local microinfusion of CRF in the LC were 2.2 Ϯ 0.3 Hz and 1.6 Ϯ 0.3 Hz for adrenalectomized and sham-operated rats, respectively. As was observed after intracerebroventricular administration of 30 g CRF, intracoerulear administration of 30 ng CRF tended to be more effective in adrenalectomized rats, increasing LC discharge rate by 1.6 Ϯ 0.2 Hz versus 1.0 Ϯ 0.3 Hz, but this apparent difference was not statistically significant ( p ϭ 0.12). Importantly, on the basis of additivity alone, this dose would be predicted to be less effective in adrenalectomized rats.
LC activation by endogenous CRF (hypotensive challenge)
Baseline mean arterial blood pressure was similar in adrenalectomized versus sham-operated rats (84 Ϯ 2 mmHg and 87 Ϯ 2 mmHg, respectively) (Fig. 4 B) . The time course and magnitude of hypotension produced by intravenous infusion of nitroprusside were not different in adrenalectomized versus sham-operated rats (Fig. 4 B) . Consistent with previous reports in intact rats (Valentino and Wehby, 1988) , this hypotensive challenge was temporally correlated with an increase in LC discharge rate in both sham-operated and adrenalectomized rats (Fig. 4 A) , and the magnitude of the increase in LC discharge rate was similar in both groups (Fig. 4 A) . In sham-operated rats, hypotensive challenge was approximately as effective as 1 g CRF (0.72 Hz increase in LC discharge rate) (see Fig. 3B ). In contrast, this same challenge produced an effect equivalent to a dose of 4 g CRF (0.78 Hz increase in discharge rate) in adrenalectomized rats.
LC activation by an excitatory amino acid input and a muscarinic agonist
The pattern of LC discharge in response to repeated sciatic nerve stimulation, which activates the LC via excitatory amino acid inputs Aston-Jones, 1988, Ennis et al., 1992) , was similar in adrenalectomized and sham-operated rats in this study, as reported in intact rats in previous studies (Valentino and Foote, 1987) . Thus, sciatic nerve stimulation was associated with an increase in LC discharge and was followed by a period of relatively inhibited activity. Like LC spontaneous discharge rate, tonic LC discharge rate determined during the unstimulated period of the trial was significantly higher in adrenalectomized (2.2 Ϯ 0.2 Hz) versus sham-operated rats (1.6 Ϯ 0.2 Hz) (Fig. 5A) . However, the evoked LC discharge rates were comparable in both groups (Fig. 5A) . Additionally, the ratio of evoked-to-tonic discharge (signal-to-noise ratio) of the sensory response was similar in the two groups (data not shown).
Like CRF, carbachol, administered in a dose that was shown previously to be submaximal in increasing LC discharge rate (Valentino and Aulisi, 1987) , significantly increased LC discharge rates of both adrenalectomized and sham-operated rats (Fig. 5B) . However, in contrast to CRF, carbachol produced a comparable increase in LC discharge rates of adrenalectomized and shamoperated rats (Fig. 5B) .
Effects of adrenalectomy on plasma corticosterone and ACTH
Plasma corticosterone levels determined at the end of experiments were below the limit of detection in adrenalectomized rats. The mean plasma corticosterone level of the pooled group of sham-operated rats was 263 Ϯ 27 ng/ml. As reported previously (Bradbury et al., 1991) , plasma ACTH levels were greater in the pooled group of adrenalectomized (1.66 Ϯ 0.04 ng/ml) versus sham-operated rats (0.68 Ϯ 0.006 ng/ml).
DISCUSSION
The present study demonstrated elevated LC spontaneous discharge rates in adrenalectomized rats and a reversal of this effect after intracoerulear microinfusion of a CRF antagonist. Additionally, the CRF dose-response curve was shifted in adrenalectomized rats in a manner that suggested that a proportion of CRF receptors were occupied before CRF administration. Finally, in adrenalectomized rats, LC responses to hypotensive stress were greater than would be predicted on the basis of additivity. These Figure 4 . Effect of hypotensive challenge on LC discharge rate and mean arterial blood pressure in sham-operated (solid circles) and adrenalectomized (open circles) rats. The abscissae indicate time (min). Nitroprusside was administered from 0 to 15 min, as indicated by the bar above the abscissae. A, The ordinate indicates the change in LC discharge rate above the baseline rate determined over 9 min before nitroprusside infusion. Each point is the mean of at least five rats. Vertical lines represent Ϯ 1 SEM. Hypotensive challenge increased LC discharge rates in both adrenalectomized and sham-operated rats (F (5,41) ϭ 4.9, p Ͻ 0.001 and F (4,29) ϭ 6.7, p Ͻ 0.01, respectively), and the magnitude of the increase was not different (F (1,9) ϭ 0.15). Mean LC discharge rates before nitroprusside infusion were 1.5 Ϯ 0.2 and 3.1 Ϯ 0.4 for sham-operated and adrenalectomized rats, respectively. B, The ordinate indicates mean arterial blood pressure (mm Hg). The magnitude of hypotension produced by nitroprusside infusion was similar in adrenalectomized and sham-operated rats (F (1,101) ϭ 2.06, p ϭ 0.17). The ordinate represents LC discharge rate (Hz). Bars represent the mean rate during the tonic and evoked components of the LC response to repeated sciatic nerve stimulation for 21 neurons of sham-operated and adrenalectomized rats. Vertical lines represent mean Ϯ 1 SEM *p Ͻ 0.05, t test for independent samples. B, The ordinate indicates the increase in LC discharge rate above the mean discharge rate determined over 9 min before carbachol (0.09 g, i.c.v.) administration. Bars are the mean of eight rats in both sham-operated and adrenalectomized groups. Carbachol produced a similar increase in LC discharge rate in both groups of rats (t test, independent samples). The mean LC discharge rates before carbachol administration were 1.6 Ϯ 0.2 and 2.4 Ϯ 0.4 Hz for sham-operated and adrenalectomized rats, respectively. results support the hypothesis that adrenalectomy increases tonicand stress-elicited CRF release in the LC. Because LC activation by a muscarinic agonist or an excitatory amino acid input was not altered by adrenalectomy, the changes produced by adrenalectomy may be selective for LC-CRF interactions. Taken together with studies demonstrating increased synthesis and release of neurohormone CRF after adrenalectomy (Paull and Gibbs, 1983; Plotsky and Sawchenko, 1987; Bradbury et al., 1991; Dallman et al., 1992) , the present results suggest that the neurohormone action of CRF and its putative neurotransmitter actions in the LC may be regulated in parallel.
The interpretation that elevated LC discharge rates in adrenalectomized rats result from increased CRF release relies on the selectivity of DPheCRF 12-41 as a CRF antagonist. Our previous studies support this selectivity, because DPheCRF 12-41 antagonized LC activation by CRF and hypotensive challenge but not LC activation by sciatic nerve stimulation (Curtis et al., 1994) , which has been shown to be mediated by excitatory amino acid inputs to the LC (Ennis and Aston-Jones, 1988; Ennis et al., 1992) . Conversely, excitatory amino acid antagonists were ineffective as antagonists of hypotensive challenge (Valentino et al., 1991) . Taken together with the finding that LC discharge rates are consistently higher in adrenalectomized versus sham-operated rats, the antagonist study strongly supports the hypothesis that CRF is tonically released within the LC of adrenalectomized but not shamoperated rats, resulting in elevated spontaneous discharge rates.
The shift in the CRF dose-response curve produced by adrenalectomy, which for low doses was consistent with additivity and previous occupancy of a proportion of CRF receptors, supports the above hypothesis. A shift to the right in the CRF dose-effect curve in adrenalectomized rats could be associated with a decrease in postsynaptic sensitivity to CRF. Given the high concentration of corticosteroid receptors in the LC (Harfstrand et al., 1986) , the potential for adrenalectomy producing such postsynaptic changes cannot be ruled out. However, taken together with the consistently higher LC discharge rates, the effects of the CRF antagonist, the different slope of the dose-response curve generated in adrenalectomized rats, and the greater apparent maximum effect, the adrenalectomyassociated shift in the CRF dose-response curve is more likely the result of a combination of additivity (at low doses of CRF) and a novel effect of higher doses of CRF (discussed below).
Studies using other endpoints of LC activation are consistent with the hypothesis that the LC-noradrenergic system is tonically activated in adrenalectomized rats. Thus, increased norepinephrine turnover in brain regions innervated by the LC (Javoy et al., 1968) , increased tyrosine hydroxylase (TH) expression in LC neurons (measured by immunoblot), and elevated levels cAMPdependent protein kinase (which co-varies with TH expression) have been reported in adrenalectomized rats (Melia et al., 1992) . However, other studies measuring TH mRNA in LC neurons or activity of TH (as measured by DOPA accumulation) have reported a lack of effect of adrenalectomy (Smith et al., 1991; Lachuer et al., 1992) . LC discharge rate may be a more sensitive and direct measure of activation. A recent study showed that LC discharge rates recorded 2 d after adrenalectomy tended to be elevated, consistent with the present findings, although the effect was not statistically significant at this time (Borsody and Weiss, 1996) . It is likely that the cellular changes involved in the effects reported in the present study require a longer period of glucocorticoid absence to be fully expressed.
The effects of adrenalectomy on LC spontaneous discharge imply that the CRF that activates the LC is negatively regulated by circulating adrenal steroids. Because glucocorticoid administration does not alter LC activity of intact rats, as indicated by spontaneous discharge rate Wehby, 1988, 1989) , TH level, or cAMP-dependent protein kinase levels in the LC (Melia et al., 1992) , it is possible that corticosteroid receptors on CRF afferents to the LC are sufficiently occupied by endogenous ligand to mask any effect of additional corticosteroid. Thus, in intact rats, tonic secretion of the CRF, which impacts on the LC, is inhibited, and CRF antagonists have no effect on LC discharge rate, as we have observed in intact rats in previous studies (Valentino et al., 1991; Page et al., 1992 Page et al., , 1993 Curtis et al., 1994) and in sham-operated rats in the present study. These observations suggest a role for type 1 (high-affinity), as opposed to type 2 (low-affinity), corticosteroid receptors in the regulation of CRF release in the LC. The CRF that is responsible for tonic LC activation in adrenalectomized rats could arise from the ventricular system (possibly as a source of neurohormone CRF) or from CRF terminals in the LC region (neurotransmitter CRF). A diurnal rhythm of CSF CRF levels has been reported (Owens et al., 1990) , but the source of this CRF and the effects of adrenalectomy on CSF CRF are unknown. However, to account for the change in LC discharge rate produced by adrenalectomy in this study, the CSF CRF level would have to be in the range of 1.6 g/ml (0.8 g in 500 l of CSF in the rat ventricular system). Because this concentration is much greater than that measured in the median eminence, even after stress (e.g., Ͻ1 ng/ml) (Plotsky and Vale, 1984) , the possibility that CRF activating the LC in adrenalectomized rats arises from the CSF is unlikely. Because CRF-immunoreactive terminals have been visualized in the LC Sakanaka et al., 1987; Valentino et al., 1992) and synapses demonstrated between CRF-immunoreactive terminals and LC dendrites (Van Bockstaele et al., 1996) , it is more likely that the source of CRF activating the LC in this study is from terminals within the LC. The neuronal origin of these terminals and probable sites of corticosteroid regulation are unknown at this time.
LC activation by hypotensive challenge is thought to be mediated by CRF release in the LC, because it is prevented by intracoeruleuar administration of doses of CRF antagonists that do not alter LC activation by other stimuli (Valentino et al., 1991; Curtis et al., 1994) . In the present study, the magnitude of LC activation by hypotensive challenge in sham-operated rats was similar to that produced by 1 g CRF administered intracerebroventricularly. Based on the CRF dose-response curve generated in adrenalectomized rats, this same challenge would be predicted to produce a much smaller increase in LC discharge rate. However, the effect produced by this stimulus in adrenalectomized rats was equivalent to 4 g of CRF. These results suggest that in addition to increasing tonic CRF release, adrenalectomy also results in higher stress-evoked CRF release in the LC. This is consistent with increased pituitary response to stressors in adrenalectomized rats .
The response of LC neurons to high doses of CRF (10 and 30 g) observed in adrenalectomized rats was not predicted on the basis of simple additivity. At these doses, the CRF dose-response curve became steeper, and the apparent maximum effect was greater than predicted. Possible explanations for this include activation of multiple CRF receptors in the LC or activation of other excitatory inputs to the LC by intracerebroventricularly administered CRF. The finding that similar results were obtained with intracoerulear administration of a near-maximal dose of CRF argues against the latter possibility. The possibility that adrenalectomy unmasks an additional effect of CRF on LC neurons that occurs at high doses requires additional investigation.
That LC responses to CRF are selectively altered by adrenalectomy is suggested by the findings that LC responses to sciatic nerve stimulation and a muscarinic agonist were not different in sham-operated versus adrenalectomized rats. In intact rats, LC activation by these stimuli is thought to be mediated solely by excitatory amino acid receptors or muscarinic receptors, respectively (Enberg and Svensson, 1980; Ennis and Aston-Jones, 1988; Ennis et al., 1992) . Although it is possible that adrenalectomy alters LC responses to these stimuli such that CRF now plays a role in the mediation of these effects, the present findings showing similar responses in sham-operated versus adrenalectomized rats argue against this possibility.
The implication from these results that a putative neurotransmitter action of CRF is regulated in a similar manner as the neurohormone action of CRF is intriguing, because these actions have been thought to be either insensitive to regulation or regulated differentially. For example, glucocorticoid manipulation altered pituitary but not brain CRF receptors (Wynn et al., 1984; Hauger et al., 1987) , and adrenalectomy affected CRF mRNA levels in paraventricular hypothalamic neurons only (Imaki et al., 1991) . In other studies, glucocorticoids reduced CRF mRNA in paraventricular hypothalamic neurons and increased CRF mRNA in amygdala neurons (Swanson and Simmons, 1989; Makino et al., 1994) . In contrast, evidence exists for a facilitation of both CRF neurohormone activity (Dallman et al., 1992) and CRF neurotransmitter effects in the LC in repeatedly stressed rats. Thus, both adrenalectomy and a previous history of stress may similarly co-regulate both CRF systems.
Parallel regulation of pituitary and LC activation by CRF has important clinical implications. Dysfunctions in the regulation of neurohormone CRF have been implicated in neuroendocrine disorders that accompany depression (Gold et al., 1988) . Consistent with this, evidence exists for hypersecretion of neurohormone CRF in depressed subjects (Nemeroff et al., 1984) . Hypersecretion of CRF in the LC could underlie some of the cognitive symptoms of depression, such as disturbances of sleep and attention. Importantly, this proposed parallel regulation may explain the coexistence of neuroendocrine and cognitive symptoms in depression.
